Two experiments were conducted to investigate the effect of fermented garlic by Weissella koreensis powder (WKG) on pig growth performance and immune responses after an Escherichia coli lipopolysaccharide (LPS) challenge. In Exp. 1, 120 growing barrows (23.5 ± 0.5 kg of BW and 56 d of age) were used in a 35-d experiment to determine the optimal amounts of WKG. Pigs were randomly allotted to 1 of 5 treatments with 6 replicate pens and 4 pigs per pen. Dietary treatments included 1) NC (negative control; basal diet without antibiotics), 2) PC (positive control; basal diet + 1 g of tylosin/kg), 3) WKG1 (basal diet + 1 g of WKG/kg), 4) WKG2 (basal diet + 2 g of WKG/ kg), and 5) basal diet + 4 g of WKG/kg. At the end of the feeding period, 12 pigs each were selected from the NC and WKG2 treatment groups, and 6 pigs were injected with LPS (50 μg/kg of BW) and the other 6 pigs with an equivalent amount of sterile saline, resulting in a 2 × 2 factorial arrangement of treatments. Blood samples and rectal temperature data were collected at 0, 2, 4, 6, 8, and 12 h after challenge. The ADG of pigs fed WKG-and antibiotic-supplemented diets was greater (P < 0.05) than NC from d 14 to 35 and the overall phase, but no dosage-dependent effects were observed. At the end of the experiment, the fecal E. coli count was linearly reduced by the increasing amounts of WKG at d 35 (P = 0.01). Challenge with LPS increased white blood cell counts at 6 and 8 h (P < 0.01) and depressed lymphocyte concentration at 4, 8, and 12 h (P < 0.01). During challenge, LPS injection increased rectal temperature at 2, 4, 6, and 8 h postchallenge (P < 0.05), and WKG2 alleviated (P < 0.05) the increase in the temperature at 2 h postchallenge. The LPS injection increased plasma tumor necrosis factor-α and IGF-1 concentrations at 2, 4, 6, 8, and 12 h (P < 0.01), whereas an alleviating effect of WKG was observed at 4, 6, and 8 h after LPS challenge (P < 0.05). At 2, 4, and 6 h postchallenge, concentration of cluster of differentiation-antigen-4-positive cells and cluster of differentiation-antigen-8-positive cells (CD4 + and CD8 + , respectively) increased in the LPS treatments (P < 0.05), and the WKG2 boosted this effect (P < 0.05). In conclusion, dietary supplementation of WKG2 in growing pigs can improve ADG and have a beneficial effect on the immune response during an inflammatory challenge.
INTRODUCTION
Garlic (Allium sativum) has been used as both food and medicine in many cultures for thousands of years. Investigations have shown that garlic plays an important pharmacological role as an antibacterial, antiviral, and antifungal agent (Amagase et al., 2001; Grela and Klebaniuk, 2007) . It is may also help to prevent heart disease and cancer (Agarwal, 1996; Amagase et al., 2001) . Based on previous studies, feeding sows garlic extract has been found to improve the gastrointestinal tract development and BW of newborn piglets (Tatara et al., 2005) and also maintain immune function and prevent psychologically induced damage in mice (Kyo et al., 1999 (Kyo et al., , 2001 . It has also been reported that fresh dietary garlic can help to resist cancer and improve the immunostimulatory effect during Ehrlisch ascites tumor cell challenge in mice (Nakata and Fujiwara, 1975) and Newcastle disease, avian influenza, and bursal disease challenge in broilers (Jafari et al., 2010) .
Those positive effects were mainly attributed to the bioactive components of garlic, including sulfur-containing compounds such as alliin, diallylsulfides, and allicin (Amagase et al., 2001) , which may be altered during processing. The enzyme allicinase sequestered within garlic cell vacuoles plays a key role in reaction of the chemical substrate and can be changed by temperature, duration of drying, use of polar and nonpolar extraction solvents, and condition and period of maceration before final extraction. Therefore, the different garlic processing methods might be one of the reasons for the inconsistent results observed in various studies (Cullen et al., 2005; Tatara et al., 2005; Yan et al., 2010) . Today, there are many different garlic-based products on the market with different chemical composition (Yu et al., 1994; Velíšek et al., 1997) .
A fermentation step, apart from being an easy method to preserve raw materials for a short time before further processing, could provide several advantages including improved flavor, enrichment with desirable metabolites produced by the microorganisms, and enhanced safety, as has been reported for other vegetable products (Buckenhüskes et al., 1990) . However, studies on application of fermented garlic in pig diets, especially in a challenge situation, are limited.
The aims of the present study were to determine the optimal dietary inclusion amounts of fermented garlic by Weissella koreensis powder (WKG) for growing pig diets and to investigate its effects on the immune function of growing pigs during an endotoxin challenge.
MATERIALS AND METHODS
The Animal Care and Use Committee of Dankook University approved all of the experimental protocols used in the current study.
Preparation of Fermented Garlic Powder
The WKG (Korlic-F, Liisna Inc., Seoul, Republic of Korea) contained 40% garlic, 40% dextrin, and 18% wheat powder. In brief, after cracking the bulbs to separate the cloves, the defective and smallest cloves were discarded. The remaining cloves were peeled, washed with tap water, and divided into 2 portions. The mixture of garlic and water (1:1; vol/vol) was filtered through a 45-μm sieve, and the filtrate was then centrifugated (1,000 × g for 40 min at 26°C) to get the suspension. After that, the suspension was inoculated with a starter culture of 0.10% W. koreensis (1.0 × 10 7 cfu/mL) in a room maintained at 25°C for 24 h. Samples of fresh garlic bulbs from commercial market in Korea were analyzed for comparison. The HPLC procedures were used for the measurement of alliin and its decomposition products enabled reliable estimates of these compounds in WKG.
Exp. 1: Feeding Period
Experimental Design, Animals, and Diets. A total of 120 barrows [(Landrace × Yorkshire) × Duroc] with an average initial BW of 23.5 ± 0.5 kg were selected for this 5-wk growth assay. Pigs were allocated to 1 of 5 dietary treatments according to their BW with 6 replicate pens and 4 pigs per pen. The dietary treatments were 1) NC (negative control; basal diet without antibiotics), 2) PC (positive control; basal diet + 1 g of tylosin (CTC Bio Inc., Seoul, Republic of Korea)/kg), 3) WKG1 (basal diet + 1 g of WKG/kg), 4) WKG2 (basal diet + 2 g of WKG/kg), and 5) WKG4 (basal diet + 4 g of WKG/kg). The additive was added at the expense of corn, and dietary nutrients were formulated to exceed or meet the NRC (1998) recommendations (Table 1) . Pigs were housed in an environmentally controlled nursery facility with slatted plastic flooring in 24 adjacent pens (1.8 × 1.8 m) and were allowed ad libitum access to feed and water.
Experimental Procedures, Sampling, and Analysis. Individual pig BW and feed disappearance per pen was measured weekly to calculate ADG, ADFI, and G:F. On d 35, fecal samples were collected directly via massaging the rectum of 2 pigs in each pen and pooled. Samples were placed on ice to transport to the laboratory and analyzed immediately. A calibrated, glass-electrode pH meter (WTW pH 340-A, WTH Measurement Systems Inc., Ft. Myers, FL) was used to measure the pH of the fecal samples. One gram of the composite fecal sample from each pen was diluted with 9 mL of 1% peptone broth (Becton, Dickinson and Co., Franklin Lakes, NJ) and then homogenized. Viable counts of bacteria in the fecal samples were then determined by plating serial 10-fold dilutions (in 1% peptone solution) onto MacConkey agar plates (Difco Laboratories, Detroit, MI) and lactobacilli medium III agar plates (medium 638, DSMZ, Braunschweig, Germany) for Escherichia coli and Lactobacillus, respectively. The lactobacilli medium III agar plates were then incubated for 48 h at 39°C under anaerobic conditions. The MacConkey agar plates were incubated for 24 h at 37°C. The E. coli and Lactobacillus colonies were counted immediately after removal from the incubator.
Exp. 2: Challenge Period
General Procedures. After the feeding trial, 24 barrows (44.3 ± 1.1 kg; 56 d of age) were selected from the NC and WKG2 (2 g of WKG/kg) treatment groups (12 pigs per treatment and 2 pigs from each replicate pen) to conduct subsequent challenge trials. Treatments were arranged into a 2 × 2 factorial, with the main effects being WKG (0 or 2 g/kg) and lipopolysaccharide (LPS) challenge (0 or 50 μg/kg of BW). Pigs were housed individually in metabolism cages (1.8 × 0.7 m) in an environmentally controlled room (24 to 26°C) and allowed free access to feed and water during this period.
No vaccines or antibiotics were administered to these pigs before or throughout the study. The LPS (E. coli: serotype O55:B5; Sigma Chemical Co., St. Louis, MO) was injected (50 μg/kg of BW) at the start of the challenge trial. The LPS dosage was based on the results of previous studies (Wright et al., 2000) . The LPS solution (1 mg/mL) was made by diluting LPS with sterile saline. The control pigs were injected with an equal amount of sterile saline solution.
Blood Sampling and Assay. For the serum profile, blood samples (10 mL) from each of those 24 pigs were collected via anterior vena cava puncture at 0, 2, 4, 6, 8, and 12 h after the administration of LPS. At the time of collection, blood samples were collected into both nonheparinized tubes (5 mL) and vacuum tubes (5 mL) containing K 3 EDTA (Becton, Dickinson and Co., Franklin Lakes, NJ) to obtain serum and whole blood, respectively. After collection, serum samples were centrifuged (2,000 × g) for 30 min at 4°C. The white blood cells (WBC), red blood cells counts, and lymphocyte concentration in the whole blood were determined using an automatic blood analyzer (Advia 120, Bayer Corp., Tarrytown, NY).
One-half of the whole blood sample was subsequently centrifuged at 3,000 × g for 15 min at 4°C, and the plasma was harvested. Thereafter, the samples were frozen and stored at −20°C until further analysis. Immediately after each blood collection, rectal temperature was also determined using a digital electronic thermometer. Plasma tumor necrosis factor-α (TNF-α) and IGF-1 concentrations were evaluated using commercially available ELISA kits (Quantikine, R&D Systems, Minneapolis, MN).
Preparation of Blood for Lymphocyte Subpopulation Assay. A sample (3 mL) of whole blood was added into 3 mL of acid citrate dextrose solution (25 mM citric acid, 51.7 mM sodium acetate, and 81.6 mM d-glucose). The blood solution was then centrifuged for 10 min at 1,500 × g at 4°C, after which the WBC were collected with a sterile Pasteur pipette and placed on the surface of a Hypaque Ficoll (Histopaque 1.803; Sigma Chemical Co.) and centrifuged at 500 × g for 30 min at 4°C. The lymphocytes were obtained from the interface between the Ficoll and plasma, after which the cell suspensions were washed 3 times and resuspended in a Ca-and Mg-free PBS (11.3 mM sodium phosphate, 3.8 mM potassium phosphate, 125 mM sodium chloride, 100 units of penicillin/mL, and 100 μg of streptomycin/mL). Lymphocyte cells were then incubated with a panel of monoclonal antibodies for 30 min. The cells were washed 3 times with cold washing buffer (450 mL of PBS, 50 mL of acid citrate dextrose, 5 mL of 20% sodium azide, and 10 mL of γ-globulin-free) and analyzed cluster of differentiation-antigen-4-positive cells (CD4 + ) and cluster of differentiation-antigen-8-positive cells (CD8 + ) using a FACscan flow cytometer (Becton Dickinson Immunocytometry Systems). The primary monoclonal antibodies were a-swCD4 and a-swCD8 (ATCC, Manassas, VA). Compensation, gates, and quadrants were determined using proper controls, including single labeling and the use of relevant isotopic controls.
Statistical Analysis
In Exp. 1, all the data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC). The dose effects of dietary WKG were evaluated by polynomial contrasts. The pen was considered the experimental unit. The statistical model included the fixed effect of dietary treatment (3 WKG amounts) and the random effect of block. In Exp. 2, the data were analyzed as a 2 × 2 factorial arrangement of treatments (WKG and LPS) using the repeated statement of the MIXED procedure of SAS, and using SAS GLM when time was not part of the model. The individual pig was considered as the experimental unit. When WKG and LPS interactions were detected, mean separations by LSD were used to determine treatment differences. The variability of all the data was expressed as the pooled SEM, and the established level of significance was P < 0.05.
RESULTS

Garlic Chemical Composition
The chemical composition of garlic powder is presented in Table 2 . The WKG contained much less alliin when compared with fresh garlic bulbs (P < 0.05; 149.2 vs. 5,500.1 mg/kg). The content of diallyl disulfide (DADS), allylmethyl trisulfide (AMTS), and diallyl trisulfide (DATS) in the WKG was much greater than that in fresh garlic bulbs (P < 0.05; 4.40 vs. 0, 105.60 vs. 0, and 32.80 vs. 0 mg/kg, respectively).
Exp. 1: Feeding Period
Growth Performance. Supplementation of WKG and antibiotics in the diets of growing pig increased the ADG (P < 0.05) during d 14 to 35 and the whole experimental period, and this led to the greater final BW (P < 0.05) at d 35 compared with the NC (Table  3) . No effect was observed on ADFI and G:F during the feeding period.
Fecal Microflora Population and pH. The pH value and Lactobacillus counts of feces was not influenced by the dietary treatment throughout the experimental period (Table 4) . The E. coli numbers in the feces were linearly reduced (P < 0.01) in pigs fed the increasing amounts of WKG diets at the end of the feeding trial.
Exp. 2: Challenge Period
Blood Cell Counts and Rectal Temperature. The LPS increased the WBC counts and decreased lymphocyte percentage at 6 and 8 h postchallenge (P < 0.05), and the WKG2 supplementation was able to alleviate the WBC concentration at 6 h (P = 0.003; Table 5 ). Rectal temperature was increased (P ≤ 0.001) by LPS challenge at 2, 4, 6, and 8 h postchallenge, whereas WKG2 alleviated (P < 0.05) the increase in the temperature at 2 h postchallenge (Table 6 ). Pigs challenged with LPS had greater (P < 0.001) TNF-α concentrations after LPS challenge, whereas the WKG2 supplementation decreased (P = 0.01) TNF-α concentrations at 2, 4, 6, and 8 h postchallenge. Plasma IGF-1 concentrations increased (P < 0.05) after LPS challenge, and the effect (P < 0.05) of WKG2 were found at 4, 6, and 8 h after challenge. Moreover, the time effect (after LPS challenge) was observed on the blood lymphocyte proportion and TNF-α and IGF-1 concentrations (P < 0.05).
Lymphocyte Subpopulation Assay. At 2, 4, and 6 h after challenge, the individual and interactive effects of WKG2 and LPS challenge were found to enhance CD4 + concentrations (P < 0.05; Table 7 ). The CD8 + values were enhanced by the effect of WKG2 and LPS alone and together at 2 and 4 h after challenge. At 2, 4, and 6 h after LPS challenge, the pigs had a reduced (P < 0.001) ratio of CD4 + to CD8 + , and the WKG increased (P < 0.05) the ratio at 6 h postchallenge. 
DISCUSSION
It has been reported that garlic in the diet may result in improved gastrointestinal status by successfully inhibiting the proliferation of pathogenic bacteria, which may help to improve the growth performance (Ankri and Mirelman 1999; Ross et al., 2001) . As much as 6% of the NE in pig diets can be lost due to bacterial utilization in the small intestine (Vervaeke et al., 1979) . Tatara et al. (2005) also found that aged garlic extract (10 mL/100 kg of BW) can improve the ADG and gastrointestinal tract development of piglets when added to sow gestation and lactation diets or creep feed. However, the pungent smell of garlic may lead to reduced diet palatability, which may depress feed intake and performance when fed to weaned pigs (Chen et al., 2008) . For example, Cullen et al. (2005) and Chen et al. (2008) found that garlic (1 or 10 g/kg and 1 or 2 g/kg, respectively) had no effect on ADG in growing-finishing pigs. Similarly, Langendijk et al. (2007) found that garlic power (50 g/kg) did not alter ADG and feed intake of piglets in the pre-and postweaning period when fed to sows gestation and lactation diets. In this study, the inclusion of WKG in growing pig diets (1, 2, and 4 g/ kg) increased ADG and final BW to the same extent as the antibiotic treatment. These inconsistent results may be due to the variable inclusion amounts of the active garlic components and in the allicin and alliin concentrations of the garlic products used. The innovative process of fermentation used in the current study, which may produce garlic with new properties, such as less garlic odor, more strong anti-oxidative activity, and immunity-enhancing activity (de Castro et al., 1998) . It is reported that the pungent smell of garlic is responsible for reduced feed intake in pigs (Ferket, 1991) . Also, garlic contains a precursor, such as alliin, which is easily converted to an odorous component, such as allicin or DADS, imparting an unfavorable taste (Langendijk et al., 2007) . Cullen et al. (2005) indicated that the inclusion of garlic at greater amounts (1 or 10 g/ Means in the same row with different superscripts differ (P < 0.05). kg) caused a reduction in feed intake. Allicin and other thiosulfinates readily decompose via several pathways, depending on the reaction conditions, such as medium polarity, pH, and temperature, and can yield various biologically active aliphatic and heterocylic sulfides (Velíšek et al., 1997) . The WKG used in our study contains less alliin than fresh garlic, and greater content of DADS, AMTS, and DATS. This may explain the lack of effect on feed intake in our study. Furthermore, the unaffected ADFI may serve as one of the reason for the greater ADG and final BW of pigs fed WKG diets. Moreover, this inconsistency may be due to the physiological status of the animals, the feed, and hygiene status of the environment.
Historically, garlic has been used worldwide to fight bacterial infections. Allicin, one of the active components of freshly crushed garlic homogenates, was found to exhibit antibacterial activity against a wide range of gram-negative and gram-positive bacteria, including multidrug-resistant enterotoxigenic strains of E. coli (Sivam, 2001 ). In our study, E. coli numbers declined with increasing inclusion of fermented garlic powder. Moreover, the decreased fecal E. coli numbers observed in this study may serve as evidence to explain the improved ADG.
Although garlic attacks bacteria, viruses, and other microorganisms directly, it also stimulates the natural defenses of the body against these invaders (Ross et al., 2001 ). The inflammatory and acute phase responses after challenge with endotoxin materials, such as LPS, have been well characterized in pig models (Johnson, 1997; Wright et al., 2000) . To the best of our knowledge, this is the first study to explore the potential of garlic to modulate the production of cytokines, especially anti-inflammatory cytokines, after an immunological challenge with LPS in pigs.
It is commonly believed that an inflammatory response is mediated through increased production of pro-inflammatory cytokines (Webel et al., 1997; Wright et al., 2000) . During the challenge phase, IGF-I and TNF-α concentrations and rectal temperature were increased in LPS treatments. These factors indicate that the challenge stimulated the defense system of the pigs and, therefore, presented a typical inflammation response. Previously, it has been documented that oilsoluble allicin (main bioactive ingredient of garlic) have various beneficial activities, such as immunostimulatory, antibacterial, antiparasitic, and antitumor activity (Ankri and Mirelman, 1999; Amagase et al., 2001; Ross et al., 2001) , which is thought to have potential to attenuate intestinal inflammation and exert an inhibitory immunomodulatory effect on intestinal epithelial cells (Lang et al., 2004) . Kyo et al. (1998) also suggested that allium species show immune-enhancing activities that include promotion of lymphocyte synthesis, cytokine release, phagocytosis, and natural killer cell activity. Also, it has been reported that the DADS, AMTS, and DATS may possess anticarcinogenic properties similar to those of some other aliphatic sulfides (Fenwick and Hanley, 1985; Dorant et al., 1993) . Indeed, in the present study, the inclusion of WKG increased the WBC, CD4 + , and CD8 + concentrations with LPS challenge, indicating that dietary WKG stimulated the immune system. The double positive CD4 + /CD8 + T-cells in the peripheral blood seem to contain memory cells, and its proportion increases with the age of the pig or by stimulation with recall antigens in vitro (Pescovitz et al., 1994) . Similarly, Sumiyoshi (1997) reported that garlic or its constituents activate the cellular immune system by stimulating the activity of phagocytes, Bcells, and T-cells. Furthermore, Patya et al. (2004) also demonstrated that garlic extract stimulated immune functions, such as proliferation of lymphocyte, cytokine release, NK activity, and phagocytosis, in in vitro and in vivo studies.
The TNF-α and IGF-1 are proinflammatory cytokines that not only modulate immunity, but also can directly regulate nutrient metabolism and depress animal performance during the postnatal period (Hossner et al., 1997) . Hasselgren (1993) proposed that the reductions in plasma IGF-1 may indicate the repartition of nutrients away from normal growth and toward the immune response. In this study, dietary supplementation with 2 g of WKG/kg suppressed plasma TNF-α and IGF-1 concentration induced by LPS challenge. This result may indicate that feeding garlic depresses secretion of proinflammatory cytokines, such as TNF-α and IGF-1; then less activation of immune system during the challenge period may be achieved, which could result in better growth performance. This result may also help to explain the greater ADG observed with WKG in Exp. 1.
In conclusion, exogenous supplementation of fermented garlic by W. koreensis in growing pig diets can improve ADG without any influence on the appetite, and also modulate the immune system. Results indicate that dietary fermented garlic has potential as an immunity enhancer in growing pigs.
